The necessity of having an effective computer-aided decision support system in the housing construction industry is rapidly growing alongside the demand for green buildings and green building products. Identifying and defining financially viable low-cost green building materials and components, just like selecting them, is a crucial exercise in subjectivity. With so many variables to consider, the task of evaluating such products can be complex and discouraging. Moreover, the existing mode for selecting and managing, often very large information associated with their impacts constrains decision-makers to perform a trade-off analysis that does not necessarily guarantee the most environmentally preferable material. This paper introduces the development of a multi-criteria decision support system (DSS) aimed at improving the understanding of the principles of best practices associated with the impacts of low-cost green building materials and components. The DSS presented in this paper is to provide designers with useful and explicit information that will aid informed decision-making in their choice of materials for low-cost green residential housing projects. The prototype MSDSS is developed using macro-in-excel, which is a fairly recent database management technique used for integrating data from multiple, often very large databases and other information sources. This model consists of a database to store different types of low-cost green materials with their corresponding attributes and performance characteristics. The DSS design is illustrated with particular emphasis on the development of the material selection data schema, and application of the Analytical Hierarchy Process (AHP) concept to a material selection problem. Details of the MSDSS model are also discussed including workflow of the data evaluation process. The prototype model has been developed with inputs elicited from domain experts and extensive literature review, and refined with feedback obtained from selected expert builder and developer companies. This paper further demonstrates the application of the prototype MSDSS for selecting the most appropriate low-cost green building material from among a list of several available options, and finally concludes the study with the associated potential benefits of the model to research and practice.
Introduction
As the green building movement begins to sweep through the housing construction industry, the application of cost effective and energy efficient building materials has become necessary in today's demanding economic market [1, 2] . Recent discussions on the need to lower the growing demand for conventional sources of energy have highlighted the value of using low-cost green building materials and components, given their lower cost and energy requirements [3, 4] . Evidence from previous studies has proven that implementing such products in construction has the potential to not only reduce health and environmental effects, but to also bring savings from energy, maintenance, and operational costs [5] [6] [7] [8] [9] . Yet, research has consistently shown that the patronage for such materials in housing construction is still at a very low level in comparison to many other conventional building materials [8, 9] . Recent studies [10, 11] argue that several attempts to adopt low-cost green building materials for housing design projects have generally been viewed as challenging, given that most designers are vaguely informed about the full life-cycle impacts of such products. They note that information relating to the impacts of such building materials in the housing construction sector appears to be less available, as evidence [11, 12] indicates that only a small proportion of design and building professionals seem to have sufficient knowledge that could allow effective decisionmaking. Ashraf [11] and Zhou et al. [12, 13] suggest that maximizing their potential use in the housing industry requires seamless access to appropriate informed information and full understanding of the various options available, so as to inform decision trade-offs at the design stage.
Despite the availability of accurate and reliable data, Seyfang [14] and Malanca [15] however, noted that most designers are found to make decisions regarding the selection of such materials on the basis of their past experience. They observed that inexperienced designers generally engage the traditional mode of selection, by relying on subjective individual perceptions of values and priorities in the material selection process, which rather than facilitate or drive their design ideas, appear to do the opposite thereby limiting creativity and sometimes resulting in considerable frustration [16, 17] .
Trusty [18] [19] [20] [21] & Woolley [22] further disclosed that existing databases on such materials and their formats are not designed to efficiently and directly provide such information to decision makers. They note that the available data on such materials are normally in the read-only format, and are stored in various operational databases that are not easily accessible to decision makers in usable forms and formats. As a result, decision-making failures during the planning and design stage(s) of low-cost green housing projects hinder their use in terms of their industrial capacity utilisation in the housing industry.
While several studies [14, 15, 20] have emphasized the relative importance of information access in aiding well-considered and justifiable material choices during the early stages of the design process, Wastiels et al. [16] argue that the existing material selection method focuses mainly on limited aspects of such materials, in terms of their properties and factors that influence the decisionmaking process. Quinones [17] asserted that some lowcost green building materials, for example, contain high embodied energy that leads to ecological toxicity and fossil fuel depletion impacts during their manufacturing phase. She argued that ignoring the relevant factors or properties of any of such materials during the crucial material selection phase could reduce the effective life of that product to less than half of its normal effective life span.
Moreover, Seyfang [14] and Trusty [18] [19] [20] [21] [22] argue that choosing the right materials for a particular project can be a very complex decision-making task, given that the selection process is influenced and determined by numerous preconditions, decisions and considerations. They suggested the idea of a decision support system (DSS) as a useful aid in making quick and critical decisions during crucial material selection process. They stressed that the considered approach to encourage the wider scale use of low-cost green building materials in mainstream housing should enable design professionals to have easy access to adequate information on the available options, hence, making the selection results more reasonable and bringing more standardization to the material selection decision-making process at the design stage. They went on advising that whatever method is employed must be such that it allows comparison of not only the cost or technical performance of such materials, but also able to take into account several decision-making criteria, so as to derive conclusive and valid evidence of the differing impacts of various material alternatives.
While there seem to be no compelling evidence of technical research on a holistic approach used by design professionals for the evaluation and selection of building materials, previous material assessment models such as the Leadership in Energy and Environmental Design (LEED) and Building Research Establishment Environmental Assessment Methods (BREEAM), have shown great promise for guiding evaluations of material predictor performance [23] . The findings of the main research study yet, criticised and noted the flawed existing support systems for being partially objective and fraught with problems of fairness [24] . The study revealed that existing methods are found wanting in that they are culturally implicit, and that such methods or tools treat the sustainability [of the] wider built environment as simply a matter of energy and mass flows with little or no regard to the socio-economic, technical, emotive and political dimensions of sustainability [24] . It further revealed that individual country teams establish scoring weights subjectively when evaluating building products, which often pose problems when applied to other regions [25, 26] . The analysis of the study however, showed little evidence to justify the assumption that there are tools of demonstrable reliability for designers to assess the sustainability and suitability of such materials or products or their applicability and utility for their potential use in the design of low-cost green housing projects. Hence, a more reliable method is needed to aid design and building professionals in the selection of such building materials and components for low-cost green residential housing projects.
Consequently, to promote more informed decisionmaking in the selection of low-cost green materials both individually and as assembled building components, a Decision Support System (DSS) is presented in this paper as an aid to design and building professionals. The objective of this study is to support decision-makers in selecting low-cost green building products that are environmentally, socio-culturally, technically and economically balanced through a proposed conceptual system. The model is to facilitate the integration of more sustainable materials into future designs by helping designers quantify how they compare to materials already permitted under existing codes, using the concept of the Analytical Hierarchy Process (AHP). The AHP approach is designed to be practical, as it combines environmental, technical, socio-cultural and economic performance into a single performance value that is easily interpreted.
In the following sections, the reviews of existing technological approaches are summarised and the main findings and themes to emerge from the literature review and the fieldwork seminars and interviews are reported. Then a step-by-step methodology is presented to illustrate the different stages of the DSS model development. Finally, the application of the prototype DSS for selecting appropriate floor material for a residential project in the London Borough of Sutton is demonstrated. The final section concludes the study and suggests areas for further research.
Technology in Material Selection: Review
For the past ten years, proven and commercialized technologies have been developed to promote environmental awareness amongst built environment professionals [18, 22, 23] . Empirical research validates that various studies on building material selection support systems have developed in size and specification within the last ten years [24] [25] [26] . Castro-Lacouture et al. [26] note that the application of green building support/assessment tools has been widely accepted as an effective and useful way of promoting green housing construction in the housing construction industry. Keysar and Pearce [27] and Bayer et al. [28] however, argue that the contexts in which building environmental assessment methods now operate, and the roles that they are increasingly playing, are qualitatively different than earlier expectations. They note that material assessment tools are now classified based on the type of analysis they perform, such as product, assembly, or whole building analysis, or classified as region-specific tools, either considered based on the life-cycle phases they cover, or on the required skills necessary to operate the tool.
While there is clearly an urgent need for new technologies to optimise the use of low-cost green building materials, it is also true that there are many technologies or systems already in use [25] [26] [27] [28] . The first real attempt to establish a comprehensive means of simultaneously assessing a broad range of environmental considerations in building materials was the Building Research Establishment Environmental Assessment Method (BREEAM) [28] . The BREEAM tool assesses the environmental impacts of over 150 various materials and components most commonly used in home construction. The tool takes environmental issues into account, then adds measurements and user-defined weighting to arrive at environmental impacts, measured as "Eco-points" for each building material being assessed. Twelve different environmental impacts are individually scored, together with an overall summary rating, which enables users to select materials and components according to overall environmental performance over the life of the building. This scientifically accepted program however, focuses only on the environmental performance of products rather than environmental, social and financial considerations going hand in hand as parts of the material evaluation and selection process.
With emphasis on the Leadership in Energy and Environmental Design tool (LEED), Keysar and Pearce [27] conducted a detailed evaluative study comparing the effectiveness of five different relative importance indices for selecting appropriate material selection tools such as: relative advantage; compatibility; complexity; trialability; and observability, with the goal of improving the sustainability of materials for capital projects. Here, materials such as; regionally manufactured materials, materials with recycled content, rapidly renewable materials, salvaged materials, and sustainably forested wood products are selected based on credit scores. Analyses of their study however, revealed that the LEED model for example specifically requires an energy model, a task often handled by a specialist within a design firm or outsourced to a third party specializing in energy modeling.
Due to the inflexibility inherent in the application of first generation tools, and since they tend to require greater technical expertise to implement, many different tools of the second generation group have also been launched to address these limitations. Among this category is the ATHENA estimator. This has been one of the most popularly used material data-analytic models that analyses over 1200 building material and assembly combinations [28] . It allows the users to look at the life cycle environmental effects of a complete structure or of individual assemblies and to experiment with alternative designs and different material mixes to arrive at the best scenario. Bayer et al. [28] noted that the major drawbacks to this tool are the fixed assembly dimensions, software cost, the cost and required skills to use it, the limited options of designing high-performance assemblies, and the overall incomplete assessment of whole buildings environmental impacts [28] [29] [30] .
With the identified setback associated with ATHENA 92 estimator, The National Institute Standards and Technology (NIST) developed the Building for Environmental and Economic Sustainability (BEES®) 4.0. This model provides a cradle-to-grave product-to-product comparison of over 230 building products based on manufacturer and supply company information [28] [29] [30] . The impact categories are weighed, normalized, and merged into a final environmental performance score, to generate a single measure of desirability for product alternatives by combining qualitative and quantitative data. The BEES 4.0 model is however, not capable of providing data for a full LCA of a complete building product, as it only produces data for a limited amount of building materials and evaluative factors [28] [29] [30] [31] . These singleattribute claims ignore the possibility that other life-cycle stages or environmental impacts can yield offsetting impacts. Other limitations include; limited product options, limited use for local/regional impact materials and devaluating weighing process [17] . Trusty [18] [19] [20] [21] argued that these sets of first and second-generation tools less often consider any of the MultiCriteria Decision Methods available to solve MCDM problems, adding that some systems do not even consider Life Cycle Cost (LCC) and other performance criteria simultaneously or completely. Moreover, he claimed that the existing performance requirements/criteria approach used in such tools tend to rely on immeasurable characteristics in demonstrating the extent of sustainability in a product, which makes them over-burdensome to implement and communicate.
Since the highlighted material assessment tools were developed primarily to be used in different countries, and the data sources used by each tool differed, further efforts have been undertaken to develop knowledge-based or expert DSS for assistance in material selection. For instance, Rahman et al. [32, 33] developed an integrated knowledge-based cost model for optimizing the selection of materials and technology for residential housing design using Technique of ranking Preferences by Similarity to the Ideal Solution (TOPSIS). The system is developed to assist architects, design teams, quantity surveyors and self house builders to make decisions for the design from early stage to detailed design stage by ranking the performance and cost criteria of technologies and materials. Loh et al. [34] however, criticised the tool for providing partial assistance in the material selection process of the whole building design as it only considers the cost of roofing materials. They argue that material selection process depends on a number of other factors such as the location, zoning and environmental regulations, demographic characteristics, etc. that are not considered in their system. They note that the TOPSIS approach adopted does not only lack the ability to eliminate bias in the selection process but also unable to allow fairer trade-off process.
Loh et al. [34] emphasise that strategic selection of sustainable materials and building design prior to the building construction is crucial to increasing building life cycle energy performance. They argue that stakeholders involved in the early design process often have conflicting priorities for both building design and construction materials. They developed an environmentally focused decision support system in the form of an Environmental Assessment Trade-off Tool (EATT), which supports the development of the ideal building design and materials combination that meets stakeholders' requirements. It is designed to assist users select the most appropriate material among a set of candidate materials based on the analytical hierarchy process (AHP) concept of decisionmaking, since AHP technique has the robust ability to handle the complexities of real world problems, and to deal formally with judgment error, which is distinctive of the AHP method. The system rank orders a set of preselected, technically feasible materials using different decision factors with and without tangible values, such as a clients favour over a particular building design, publicity potential of the building design, life cycle cost, capital cost and energy performance of different materials and building layouts. Zhou et al. [12] argued that the approach adopted by Loh et al. [34] lacked in robustness as it does not take into account the full-life cycle impacts of newly-accepted building products, and did not specify the sort of materials under studied.
Zhou et al. [12] developed a decision support multiobjective optimization model for sustainable material selection. The material selection tools and material data sheets provide extensive information that includes factors such as cost, mechanical properties, process performance and environmental impact throughout the life cycle based on expert knowledge. Wastiels et al. [16] , confirmed that the tool, however, lack the considerations or descriptions to evaluate the intangible aspects of building materials, which are important to architects. They also criticised the selection methodology for being highly restrictive to a limited range of factors and incompatible with other stakeholders.
Ashby and Johnson (2002) introduce "aesthetic attributes" in the material properties list for product designers when describing material aspects such as the transparency, warmth, or softness. Within the discipline of architecture, however, the intangible qualities of materials are not described and mapped within the current design models. No selection framework was provided to support the implementation of a system. Wastiels et al. [16] , proposes a qualitative and quantitative framework to support informed decisions based on physical aspects' and "sensorial aspects" of building materials, but without the tools integration and computerisa-tion as done by Zhou et al. [12] . In the presented framework, no pronouncement is made upon how sustainable considerations from these different categories could influence each other, and what MCDM approach could possibly be used if developed.
A similar study by Ding [35] , developed a comprehensive assessment decision support system that measures the environmental characteristics of a building product using a common and verifiable set of criteria and targets for building owners and designers to achieve higher environmental standards. Upon analysis it was found that the assessment for her study focused heavily on environmental issues rather than the broader social, cultural, technical and economic aspects of sustainable green construction.
Keysar & Pearce [27] cited extensive research literature describing how material selection tools facilitate the innovation diffusion process and radical decision-making transformation. They however, note that most of the examined models make choices that result in "fabricated assemblies of standardized performance attributes", implying that they do not choose for materials but rather for 'material systems'.
Hopfe et al. [36] conducted a study that assessed the features and capabilities of six software tools to screen the limits and opportunities for using BPS tools during early design phases. The tools classification was based on six criteria namely the capabilities, geometric modeling, defaulting, calculation process, limitation and optimization. However, the authors did not report what methodology was used to compile these criteria.
A cost modeling system for roofing material selection was further proposed in Perera and Fernando [37] . Several factors were identified and considered in the selection process. Results demonstrated large inconsistency in the evaluation process. No particular reference was made to the selection methodology.
Other influencing reviews within the scope of this study include Mohamed and Celik [38] who proposed a computerised framework that is responsible for materials selection and cost estimating for residential buildings where users are able to choose their preferred one from list of materials without evaluation and synthesis of multiple design criteria and client requirements. No mention was made about the MCDM technique used for evaluating the list of materials selected and their respective quantities.
Mahmoud et al. [39] suggested a method for the selection of finishing materials that covered floors, walls and ceilings and integrates cost analysis at the appropriate decision points, but without the selection information requirements or methodology as proposed in this study.
Lam et al. [40] carried out a survey on the usage of performance-based building simulation tools. His study examined the relative impacts and limitations of knowledge-base tools in decision-making. Murray argues that while there is a natural tendency for design and building professionals to focus on the scientific and technological aspects of green and sustainable construction, their approach does not necessarily maximise the positive contributions professionals have to offer if tools are designed to replace professional judgment in the choice of materials. Murray suggests that this is because tools cannot address the intrinsic motivations people need if they are to embrace the positive changes sustainability requires. He continues that limiting the assembly of buildings to the specification of systems would impede the discovery of design opportunities inherent in materials themselves. Similar patterns of consistency, and lack thereof, have also been obtained [for detailed reviews see 17, [24] [25] [26] [27] 31] .
By highlighting the different green building material assessment tools, it can be deduced that existing tools are dispersed and based on individual initiatives without a unified consensus based framework [41, 42] . It is apparent that each tool has its own unique application. While each tool could be called an LCA tool, there was little consistency in the methodologies used from one tool to another. In addition, while one tool considered the building as a system, other tools considered primarily the product's individual attributes rather than how that specific product performed within the building system [42] . A key question therefore, is whether current assessment methods that were conceived and created to specifically evaluate the environmental merits of conventional building materials can be easily transformed to account for a qualitatively different set of materials.
Giorgetti & Lovell [43] for instance have reported the sub-optimal performance of existing tools. They argued that the subjective values and priorities of the authors of the assessment scheme largely dictate the technical characteristics of the systems, and currently represent the major focus of discussion. They suggest that it is necessary for potential users to analyse the local situation and identify the adaptability of using any tool before applying a universal green building assessment tool to a specific country and region. They warned that some existing tools such as BREEAM, LEED, and even current expert tools might potentially institutionalize a limited definition of environmentally responsible building practice at a time when exploration and innovation should be encouraged in another region.
However, in all the reviewed studies, no efforts to develop a DSS that associates with the corresponding attributes and performance characteristics of low-cost green building materials and components, starting from the broad list of available options in the database to the final selection of the most appropriate material, were found in the existing literature [43, 44] . The findings of the review have shown that each of the indices applied in developed regions to deal with issues associated with the impacts and performance of low-cost green building materials in other regions have proven unsatisfactory [44, 45] . This finding is premised on the fact that most existing material selection systems have been designed by countries with more developed economies such as the UK, where the scale of social issues and lack of access to resources is simply not as critical as observed in the developing nations [45, 46] . The setbacks that associates with the tools reviewed in this research thus, highlights the opportunity for developing a Material Selection Decision Support System (MSDSS), to better address the specific needs and attributes specific to the use of low-cost green materials for tool adopters new to green housing.
The following section briefly highlights the aim and objectives of the study. It extensively describes specific methods adopted for each task in Section 3.1.
Research Methodology
In order to identify the key selection factors or variables that formed the basis for the development of the prototype multi-criteria decision support system (DSS), suitable clusters of research approaches were considered in the research exercise, some of which include: exploratory literature reviews, networking with domain experts and practitioners, series of questionnaire surveys and knowledge-mining interviews [47] . Table 1 provides an overview of the research aim, objectives and the methodology undertaken in four major stages.
Research Design
To provide a clear theoretical framework for the relatively new area of study, and develop preliminary ideas on issues specific to the research theme within the context of decision-making associated with the impacts of low-cost green building materials and components in housing construction, this study reviewed relevant literature through synthesis and analysis of recently published data, using a range of information collection tools such as; books, and peer-reviewed journals from libraries and internet-based sources. Recognising the limitations of the literature review in terms of examining current research thinking in respect of decision support systems for the selection of low cost green building materials and components, a preliminary research study was undertaken to check and validate prior assumptions in the background and review sections.
In order to build upon knowledge gained from the literature review, and recognising the limitations of the preliminary research survey in terms of examining current research thinking in respect of decision support systems for low cost green building materials and components, a mixed method was adopted for this study. This was followed by in-person interviews to further clarify and elaborate on less detailed and pertinent issues associated with the use low-cost green building materials. The in-depth interviews consisted of 10 participants, who involved a sample of practicing architects, engineers, material specifiers, and a host of building professionals-who influence material choice decisions in the UK housing construction industry. This approach was used to examine the potentials of the proposed MSDSS, (being a tool for the assessment and evaluation of low-cost green materials). It further investigated the effectiveness of design and decision support tools, as well as identified requirements of Life Cycle Assessment (LCA) tools for design decisions at the various stages of the design process.
Consequently, a quantitative questionnaire was developed as the result of the analysis of the results from the interviews. In order to elicit the "most important" factors, a questionnaire survey was conducted among the executives of some selected builder/developer firms. They were asked to rank order from a list of factors (compiled from existing literature on the topic and after initial consultation with some of the executives) based on their judgment and experience. The executives were also asked to indicate desired features they would like to have in a DSS for low-cost green material selection. Since the respondents were widely dispersed, and because it was anticipated that building professionals would be more likely to reply and cooperate with a less time-consuming research method, giving the constraints of time, wider coverage, and budget, it was therefore, decided that a questionnaire sent and returned by email would be the most convenient way of collecting the required data. The inclusion of qualitative open-ended questions provided respondents a chance to express their views more freely.
The target groups of respondents were also taken from a database or directory of building professionals provided by the UK, China, Canada, South Africa, Brazil and US Green Building Councils (GBCs). The selection approach followed the random sampling technique to avoid bias and uneven sample sizes amongst different professional groups, and ensure uniformity, consistency and quality of data. To facilitate the response rate, snowball sampling was also adopted, where the approached respondents were asked to distribute the questionnaire to their colleagues and partners within the field [47] .
The selection of South Africa and Brazil for the analysis was due largely to their great similarities in social, economic, and geopolitical terms, and likewise their developed counterparts. In a similar vein, the choice of building experts within the selected countries was as a result of their expertise and advancement in the use and Step 2. Carried out a preliminary research study with leading researchers who influence the selection of building materials in the field of housing construction
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Open Access JBCPR 96 development of green building tools (as they have had the most uptakes in both geographical regions and being part of an emerging market).
To receive a reasonably sized sample, 500 surveys were sent out by email, over a two-month period of March and April 2012. Using a progressive approach of data collection, a total of 250 respondents returned the completed survey, representing a response rate of 50%. The response rate was accepted as the normal ranges between 20% -30% were found in most of the construction industry related research [33, 34] . Prior to distribution, the questionnaire was pre-tested for comprehensibility by consulting five academics at two universities [47] . A number of changes were suggested and implemented.
Respondents were also invited to post their ideas about current limitations or improvements that should be avoided or integrated in the development of the proposed MSDSS model at the later part of the questionnaire. The questionnaire also examined the adequacy/inadequacy between traditional manual approach of material selection and computer-aided decision support tools. One of the group's participants commented that one of the hallmarks of good science is that a result can be tested independently and proven to be right or wrong in the latter method. The analysis of the questionnaire survey and interviews provided a list of "key" decision-related factors having significant impacts on the process of material selection for residential development as shown in Section 4.1.1.
Research Findings
The results of the study however, revealed the following.
• Many existing decision support systems in the developed countries do not have the appropriate performance threshold for addressing the most relevant issues specific to less developed countries; • Current DSS models are unable to relate to matters associated with the informed selection of materials that are commonly used for housing projects in countries with rather less-mature markets; • The lack of informed knowledge by building professionals in terms of the principles, characteristics, and best practices relevant to the use of low-cost green materials at the design stage, has been identified as a common constraint peculiar to their wider-scale use in the housing industry; • The majority of building professionals still regard cost and environmental factors as conventional project priorities when selecting building materials or components, but rarely consider the implications of social, political, technical, sensorial, legal and cultural factors in their choice of materials; and finally, • The majority of low-cost green building materials are yet to be certified under the building regulations, standard specifications and codes of practice; and most importantly, • There are no demonstrable and compelling evidence of technical research on a holistic approach used by design professionals for the evaluation and selection of low cost green building materials and components at the design stage.
The results of the study thus, provided the platform that suggested the need for a system that could aid informed decision-making to improve understanding, and enhance the effectiveness of actions to implement and promote the wider-scale use of low-cost green building materials and components at the core of the construction business process. In light of their feedback and useful suggestions from building experts who partook in the study, the following portions of the DSS model were either readjusted or improved.
• Easy searchable material selection inputs database;
• Ability to add/remove material selection features with ease; • Ability to make custom reports;
• Ability to easily navigate all components with ease;
menu explaining what the tool is doing; • Being able to understand the material selection process through the lens of non experts; • Ability to perform trade-off analysis to compare different material options; • Clarity on the algorithms used to perform the simulations; and Real-time results; • Data input forms to ensure easy and consistent data input; and, • Having a huge amount of customizability in terms of output. After the improvement, the system was shown to the same participants, and minor adjustments were made on the basis of second feedback. In the following sections the proposed MSDSS selection methodology is discussed, and a conceptual framework for the decision support system based on the methodology is presented. Subsequently, the MSDSS model is applied to a hypothetical but realistic material selection problem to rank order the candidate materials for selecting the most appropriate one.
System Development
For this research, AHP was selected for its simplicity and due to the fact that it can be easily implemented using any spreadsheet software application such as the MS Excel, as it possesses a powerful macro language that is essential since a menu driven interface had to be developed. Since the intention of the research was not to develop a commercial software product, Macro-in-Excel VBA (MEVBA) was utilized for the following reasons:
• Macro-in-Excel VBA (MEVBA) has the capabilities to perform all necessary calculations and is common enough that most people are familiar with it; • It has the ability to write scripts that could automatically convert material data from any graphic table format to an appropriate condensed data table (hidden from the user's view) to allow quick and reliable indexing of material data; • The Macro-in-Excel VBA framework has the code that makes Windows forms work, so any language can use the built-in code in order to create and use standard Windows forms; • Makes the application easier to maintain; With MEVBA, codes were easily built into the form or report's definition, since the DSS model contained a large number of macros that respond to events on forms and reports; which would have been difficult to maintain using any other application; • With Macro-in-Excel VBA it was easy to step through a set of records one record at a time and perform an operation on each record; • Macro-in-Excel VBA helped to supply a standard security mechanism, which was made available to all parts of the MSDSS data application model; • Enables the developer to create his own functions:
The MSDSS contains a series of mathematical model and computational algorithmic procedures that provided a basis for computing the green development index of material alternatives within an integrated decision-support framework or tool(s).
• Ability to mask error messages during the tests run;
• Enables the system to quickly analyze existing data to discover trends so that predictions and forecasts can be made with reasonable accuracy; • Allows for extensions and expansions: since the components of the framework are modular, meaning that each may be developed independently, and data may be added as it is acquired to supplement the knowledge and databases, macro-in-excel was used to achieve that goal
MSDSS Database/Data Warehouse Design
The data warehouse design constitutes the major portion of the MSDSS development and hence will be explained in detail in this section. The data warehouse design essentially consists of four steps as follows:
Step 1: Identifying the key influential factors that will impact on the choice of materials;
Step 2: Designing the material selection methodology framework and identifying the objectives of each step;
Step 3: Designing the various components of the MSDSS model and defining their features and functions;
Step 4: Defining the workflow selection methodology and analytical procedure of the actual prototype MSDSS model
Identifying the Key Influential Factors
In order to identify the relative importance of the subcategorical factors or variables based on the survey data, ranking analysis was performed. Five important levels were transformed from Relative Index values:
From the results of the analysis, 40 factors were identified under the "Highly significant" level for evaluating low-cost green building materials with an RI value ranging from 0.952 to 0.806 and a total of 15 factors, were recorded to have "High-Medium" importance levels with an RI value ranging from 0.795 to 0.652. The analysis of the main survey identified a total of 55 key influential factors out of 60 initial factors as important components of the material selection process.
"Life Expectancy" was ranked as the first priority in the technical category with an RI value of 0.952, and it was also the highest among all factors and was highlighted at "High" importance level. "Resistance to fire" was also rated high in importance among the selection factors. "Maintenance Cost" was ranked third in importance. It was clear from this research that there is a perception of ambiguity surrounding the long-term maintenance of low-cost green building materials. This is not entirely any surprise given that maintenance free buildings are increasingly sought after by clients, anxious to minimise the running costs associated with buildings. "Life-cycle cost" has been, and will continue to be, major concerns for building designers, as well as important traditional performance measure.
Among the top 20 ranking factors, it was observed that only one factor from the environmental category out of the list was ranked high among the selection factors. This again suggests that environmental issues within the context of the developing countries are not strongly considered despite the high environmental awareness exhibited by design and building professionals in developed regions. This finding also corroborates the initial observations of various studies [14, 15] repeatedly highlighted in the background and literature studies. They suggest that the problems within the developing regions are characterised by mainly social and economic issues, unlike the developed regions where the scale of social issues and lack of access to basic resources are simply not much of a problem as it is in the developing world.
From Figure 1 , a total of 15 factors, consisting of 12 site factors, 1 socio-cultural factor, and 2 sensorial factors, were recorded to have "High-Medium" importance levels. Although these 15 variables were in the same importance level category, the "building orientation" factor within the "general/site category" (average RI = 0.652) was considered to be the least important variable compared to the factor "Glossiness" under the "sensorial category" (with an average RI = 0.774), and "material availability" still under the "general/site category" (with an average RI = 0.795). However, it should be noted that site factor accounted for 75% in the "High-Medium" importance level. The result is an example of evidence pointing to the trend that environmental and perhaps site issues are no longer considered as the most important factors for material selection in housing projects, especially within the context of the less developed regions.
Some factors in the three categories were ranked relatively higher in the "High-Medium" level. For example, "material availability (GS1)" was rated as first in the general/site subcategory, and ranked as thirty-fifth in the overall ranking with an RI value of 0.795. An interesting observation from the results is that none of the criteria fell under the medium and other lower importance level. This clearly shows how important the factors are to building designers in evaluating low-cost green building materials. All factors were rated with "High" or "HighMedium" importance levels. However factors such as Compatibility with other materials, Skills availability, and UV resistance fell within the medium-low level. The findings of the analysis asserted that the criteria with medium or low RI does not mean they are not important for selecting materials, but rather created an opportunity to highlight the relative importance of the key criteria from their vantage points. The following shows a framework consisting of the key factors in their order of importance.
Designing the MSDSS Selection Methodology
The diagram shown in Figure 2 demonstrates the conceptual framework of the selection methodology for the decision support system. Table 2 describes a step-bystep procedure of the selection methodology for the material selection decision support system. Section 4.4 presents various components of the MSDSS schema or model.
Designing the Features of the MSDSS Model
The next stage of the model development was to design the various features of the databases containing the logic and showing relationships between the data organized in different modules. Each module contains the physical information and contents needed to aid in the material evaluation and selection process. 
Identify Set of all Possible Material Alternatives to be Assessed
After defining the main goal of the task, the next step is to generate the set of all possible alternatives that are available for selection based on the decision-making parameters. In the material selection process, this comprehensive set of alternatives includes all construction materials and components currently in the database, and the market in context.
Prune all infeasible alternatives from set
The third step is to reduce the complete set of alternatives by eliminating/pruning those alternatives, which are clearly infeasible for the intended application from the database consisting of all materials, based on classifications of materials according to the Construction Standards Institute (CSI) Divisions, and material heuristics. For example, if the element under consideration is a structural beam, materials such as roofing sheet and glass are automatically pruned from the set of possible alternatives under consideration, since none of these materials fall under the CSI structural divisions. This should result in a subset of alternatives, all of which would be feasible choices for the intended application. The "pruning" approach is used rather than allowing the user to select feasible materials from the whole set because users tend to overlook alternatives which might be unfamiliar to them but are nonetheless feasible.
Evaluate Remaining Alternatives
• Weight Attributes (Decision Factors)
• Calculate Values for Attributes
• Amalgamate Weighted Attributes
• Develop Ranking
The fourth step in the methodology is to evaluate the feasible alternatives using the AHP model such that a ranking can be developed according to the relative importance of the material for the intended application.
• First, the decision maker weights each factor or variable according to the relative importance that the decision factor or variable holds for the decision maker. It involves the decision-maker replacing probabilities with user weightings for each factor or variable to supplement, not replace, his judgment.
• Second, values for each of the factors or variables are determined for each material with regard to the manufacturer's information & details of the material or component contained in the material database, and then, a normalized value between zero and one is calculated for each factor value.
• After weights have been established and values calculated for each attribute against a set of materials or components, the weights and normalized values are multiplied and summed to create an index of preference for that alternative(s).
• Then, a list of alternatives ranked according to the relative importance of the factors or variables is then presented.
Review Ranking of Alternatives
When the indices of factors or variables have been calculated for all feasible alternatives, a ranking is developed sorting the alternatives according to each utility value based on the AHP model of decision-making. The alternative with the highest utility value is recommended from the ranked list of potential materials for each design/building element.
Select Alternative Based on Ranking
The decision maker may then either elect/decide to select the highest ranked alternative, or choose another alternative from the set based on his professional judgment.
Proceed to Next Design Elements
The decision maker satisfied with the selection process, then proceeds to the next design/building element.
The conceptual model/framework of the prototype MSDSS tool consists of a number of interconnected modules/features. A logical model illustrating the developed DSS for material selection is shown in Figure 3 . Table 3 describes the functions of each component of the MSDSS model.
How the System Works
The following steps explain how the prototype MSDSS model works during the material evaluation process.
Step 1: The load manager provides the user with a list of design elements from the "Design Elements" module, and then prompts the user to select the design element of his/her choice in accordance with the terms and specifications of the Construction Standards Institute (CSI) Divisions;
Step 2: The User then selects the particular design element needed for the intended task from a list of design elements (as broken down by the Construction Standard Institute Division);
Step 3: User then enters values for the relevant parameters to answer prompts about areas and dimensions of the selected design element, and then sets the threshold values in the material knowledge base
Step 4: The system validates the design parameters and threshold details entered by the user, and then generates the set of all feasible material alternatives that are available for selection, (which includes all categories of construction materials contained in the materials database);
Step 5: After a set of feasible material alternatives has been generated for the "particular design element", the system through the "Weighting Score Extractor Module" prompts the user to obtain weightings for the desired parent and sub-factors according to the relative importance that each factor or variable holds over another based on the decision maker's preference of value;
Step 6: After weights have been established and values calculated for each factor for a particular material, the weights and normalized values are multiplied and summed to create an index of subjective utility for each alternative;
Step 7: The alternative with the highest utility value is recommended by the system;
Step 8: The user reviews the system's recommended choice for each element in the "Result" module, and then either selects the highest ranked alternative, or chooses another alternative from the set based on professional judgment and/or the system's recommendation.
Step 9: The user may choose to generate a printout report or graphical representation of the list of selected materials and green utility indices if desired.
Step 10: The selection process then proceeds to the next design element. Figure 4 presents a graphical representation of the system workflow.
An illustrative example of the AHP concept is displayed and explained in following section to demonstrate the selection process by applying the prototype MSDSS model to a hypothetical case study design project.
Application
The following example illustrates the selection process of floor covering products. It selects the best one among three alternatives. The prototype MSDSS, developed using the AHP technique, was used to select the most appropriate residential building floor material for housing development in the city of London, located in the Sutton County of London. The results demonstrate the capabilities of the MSDSS system in a real-life but hypothetical application scenario. In the following section this process of application is described and discussed.
A Hypothetical Study Case
The next stage of the model development was to design the various features of the databases containing the logic and showing relationships between the data organized in different modules. Each module contains the physical information and contents needed to aid in the material evaluation and selection process. Table 4 summarizes the details for the three options of flooring materials for the proposed residential low-cost green housing project. The description of the three options in Table 4 was based on the standard practices and construction details commonly used in the housing construction industry.
These three (3) floor materials described above will be analysed amongst a host of other material alternatives for the selection of a more sustainable option. In other words, this section will analyse the problem using the MSDSS model, which relies on the use of the AHP mathematical multi-criteria decision-making technique, to identify and decide which material is the most sustainable and suitable flooring material in this case.
To achieve this goal, the MSDSS model was sent to 10 This feature articulates the listing of individual materials in prescribed sequences, gradually eliminating candidate materials based on their inability to meet stated material selection heuristics/rules.
Material Choice Generator
This feature contains the material/component database, which generates the set of all possible material alternatives that are available for selection.
User's Weightings
Sets preferred weighting value for all attributes to compare with.
Weighting Extractor
This feature queries the user to obtain weightings for the factors, based on the user's preference of value on a scale of 1 -9.
Material Index Evaluator
The material index evaluator calculates values of the selected factors or variables for each feasible material choice.
Amalgamator
Here the user's weightings are amalgamated (i.e. multiplied and summed) with the factor values or weightings for each potential material, resulting in a relative ranking of the feasible materials for each element.
Results
-This component provides the ability to view the processed data, and to generate reports. It allows the MSDSS model User Interface to communicate with the user; and also connects all the reports and queries that are generated in the Monitoring databases to the corresponding project files. expert evaluators who had the following qualities:
• Considerable amount of knowledge in material analysis based on the AHP concept; • Used a wide range of green building assessment tools for material selection; and • Taken part in the previous survey.
The aim of this exercise was to compare their view of the prototype MSDSS model with existing models in terms of their usability, flexibility, and interoperability attributes using the concept of the Analytical Hierarchy Process (AHP).
Rationale for Adopting the AHP Concept
The study adopted the use of the AHP technique to investigate the interrelationships amongst various criteria and low-cost green material alternatives due to the following reasons:
• AHP is a method that is conceptually easy to use, and decisionally robust to handle the complexities of real world problems; • It does not require the very strong assumption that the stakeholders make absolutely no errors in providing preference information; • It has the ability to deal formally with judgment error, which is distinctive of the AHP method; • The AHP method provides the objective mathematics to process the unavoidably subjective preference inherent in real-world evaluations; • Possesses an inherent capability to handle qualitative and quantitative criteria important for sustainable material selection; and finally, • Can enable all members of the evaluation team to visualize the problem systematically in terms of parent criteria and sub-criteria. 
Applying the AHP Model to the Problem
According to Reza et al. [48] , AHP is a subjective MCDM method that does not necessarily involve or rely on a large sample for its analysis. To better illustrate the procedure of the AHP technique of decision-making, with reference to the case presented in Section 5.1, a complete example of applying AHP to the problem of material selection is provided here based on evaluators' results. Twenty (20) respondents representing various fields of the housing construction industry, and who had fore knowledge of the AHP procedure were selected to participate in the AHP survey.
By evaluating the consistency level of the collected questionnaires, 5 questionnaires out of the 10 received had acceptable consistency and were entered into the system. In order, to avoid arbitrary and inconsistent answers in the data, the mean values of five (5) out of the ten (10) respondents were used to fill out the pair-wise comparison matrices for the parent and sub-factors.
The package included the model, evaluation questionnaire and a cover letter stating the purpose of the research, the validation process and what was expected of them. To conduct the exercise, the study adopted Chua's et al. [49] approach based on a number of suggestions as follows:
• A document that reminded and explained the overall aim and objectives of the study to the respondents, followed by a step-by-step demonstration of its operation; • A demo illustrating a practical exercise. This allowed the evaluators the experience of using the system ensued. During the practical assessment session of the demo, evaluators were able to see the controls and get a general overview of the MSDSS interface; • An illustrative example of the objective and methodology of the AHP technique based on the instructions in the demo, to guide and illustrate to every respondent on how to browse and conduct analysis; • After the introduction, a feedback questionnaire was forwarded to the evaluators; • After each evaluation, each evaluator highlighted their experience(s) and provided feedback on the feel of the system, with special attention to the problems that they encountered during the evaluation process; • Finally, a reflective or post-user questionnaire was completed to obtain feedback; • Evaluators were asked to answer each statement or question relating to the model in the questionnaire based on their personal view(s); • They were also asked to assess the importance of the system based on their perception. Evaluators were also asked to add general comments on the system, and provide feedback on the applicability of the prototype system in assisting in specific material selection problems during their experience and other ways of improvement; • Problems uncovered or areas that proved difficult to understand during the evaluation process were immediately modified so that it did not arise in subsequent sessions, as this procedure followed each evaluation; • The respondents were instructed of the relevance of observing consistency in their answers whilst using the MSDSS model; • The questions relating to different aspects were presented in different sections. This helped respondents to focus on one aspect at a time.
The following sections exemplify the process.
Decomposition of the Decision Problem
The evaluation exercise provided users with the opportunity to define the problem. Figure 6 shows the exemplary hierarchy of the problem. The goal is placed at the top of the hierarchy. The hierarchy descends from the more general or parent factors in the second level to subfactors in the third level to the alternatives at the bottom or fourth level as shown in Figure 6 ). To select a suitable choice among alternatives, the users were instructed to define the decision factors needed for the analysis. In other words, the users determined which alternative could be the best choice to meet the goal considering all the selected decision factors or criteria displayed in Figure 6 . The first step of the methodology (as illustrated in figure 2) was to define the main goal of the intended task, by identifying the design element needed for the analysis, and inputting the relevant dimensional scale for the suggested design element (see Figure 7(a) ).
After defining the main goal of the task, the next step was to generate the set of all possible alternatives that were available for selection with reference to the decision-making parameters as shown in Figure 7(b) . At this stage the users are prompted or alerted by the MSDSS model to identify a set of feasible floor material alternatives based on a range of material selection heuristics/ knowledge-based rules. The goal is to choose a suitable floor material among options for the project case described in Section 5.1.
Pair-Wise Comparison of Parent Factors
After selecting the design element, and identifying a set of feasible alternatives using the material selection heuristics/knowledge-based rules, the respondents were made to perform pair-wise comparisons following the demo instruction guide of the MSDSS model. This included the analysis of all the combinations of parent factors and sub-factors relationships. The sub-factors were compared according to their relative importance (based on the ratio scale proposed by Saaty [50] [51] [52] [53] [54] [55] , with respect to the parent element in the adjacent upper level. After performing all pair-wise comparisons by the decisionmakers, the individual judgments were aggregated, basing its analysis on the geometric mean technique as Saaty suggested [52] [53] [54] [55] .
Pair-Wise Analysis of the Parent Factors
To avoid arbitrary and inconsistent answers in the data obtained from the 10 participants who consented to partaking in the study, the mean values of five (5) out of the ten (10) respondents were used to fill out the pair-wise comparison matrices for both the parent and sub-factors. The pair-wise comparison matrices obtained from 5 respondents were combined using the geometric mean approach at each hierarchy level to obtain the corresponding consensus pair-wise comparison matrices [54] [55] [56] . Using the verbal/ratio scale shown in Figure 8 , respondents obtained weightings for each parent factor, based on the preference of value(s) on a scale of 1 -9. The MSDSS model then automatically translated each of the matrixes into the corresponding largest eigenvalue problem and was solved to find the normalised and unique priority weights for each factor (as shown in Figure 9 ). Going by Saaty's [55] is accepted if the Consistency Ratio (CR) ≤ 0.10. In cases were the results of the respondents were not consistent, the participants were alerted or prompted by the model to carefully re-evaluate the factors until consistency was achieved.
Figures 9 and 10 represent the principal matrix of comparison, which contains the comparison between main/parent factors in relation to the overall objective of the problem (i.e., the selection of a sustainable low-cost green building floor material). From Figure 9 , it is possible to observe that factor SC is 3 times more important than factor EH. As a logical consequence, factor EH is 3 times less important than factor SC. It is also possible to observe that the elements in the principal diagonal are always equal to 1. In other words, the weight of a criterion in relation to itself, obviously, is always 1.
From Figure 9 , it is also possible to observe that comparing Socio-cultural [SC] issues where proven to be more relevant or more slightly favoured than others making it the most dominant factor of the three. Based on their preference values, the system automatically creates a reciprocal matrix on the opposite end as the case may be.
At this stage (as shown in Figure 11 ), ratio scales are defined for pair-wise comparison of the main or parent factors using the ratio scale of 1 -9. As mentioned earlier, the decision makers obtained values for each parent factor based on their aprioristic knowledge and individual weighting preference. Here, the AHP main criteria matrix is then automatically developed by comparing the relative importance of one parent factor over the other as shown above in Figure 11 .
Next, the parent criteria matrices are normalised (by dividing a cell value by the sum of each column) and then checked for consistency using Eigen values as shown in Figure 12 . A local priority vector score is then generated for the matrix of judgments by normalizing the vector in each column of the matrix (i.e. dividing each entry of the column by the column total) and then averaging over the rows of the resulting matrix [55] . The normalized eigenvector shown in Figure 12 represents the relative importance of each parent criteria. Based on the calculation in Figure 11 , the relative priorities of the parent factors in the final selection of a sustainable floor material were calculated as displayed in Table 5 . In order to measure the level of consistency of the matrix for the parent factors, the consistency index (CI) was then calculated at 0.103 (see Figure 11) . The random index (RI) was also taken into consideration and values calculated at this stage of the evaluation exercise. According to Saaty (2008) , for matrix of order 6, the RI is 1.24 (see Table 6 ). Given the two values (consisting of both the consistency index (CI = 0.103) and the relative index (RI= 1.24), the CR was then calculated as: Figure 11) . According to the AHP model, a matrix is considered as being consistent when the CR is less than 10%. With a Consistency Ratio (CR) of 0.083, the matrix was considered consistent since it was less than 0.1.
Pair-Wise Analysis of Sub-Factors
The results of the next pair-wise comparison matrices amongst the relative sub-factors are shown from Figures  13-24 . The same calculations done for the principal matrices of the parent factors were also done for the matrices of the sub-factors. The local priority vector and the consistency ratio for each sub-criterion matrix were also computed and displayed on each corresponding table as fully displayed below.
After comparing each sub-factor according to the user's system of value over other sub-factors, the weightings were obtained to establish each priority weightings in the context of the overall goal: selecting the most sustainable low-cost green floor material. The criteria matrices of each sub-factor were then normalised (by dividing a cell value by the sum of each column) and then checked for consistency as shown in Figures 13-24. 
Determining the Weightings of Sub-Factors
The next stage of the assessment process was to find the final weightings of both the parent and sub-factors that will be used subsequently to evaluate the material attributes for sustainable building material selection. To determine the final weightings of the selected factors, the priority vectors (1) of the parent factors are multiplied by the corresponding relative priority vectors of each sub-criterion weighting vectors (2) to obtain the (final) weighting (3) as shown in Table 7 .
The main/parent factor weighting is derived from users' judgment with respect to a single main criterion. The resultant value of the comparison of each parent factor serves as the priority vector of the main criteria needed for evaluating material attributes. The selected value for each parent factor as shown in Table 7 Table 7 .
Final weighting is derived from multiplying the selected value of the main criteria-weighting or priority vector by the selected value of the sub-factor priority vector. This entry is obtained as follows: 0.026 × 0.197= 0.005122 (as highlighted in Table 7 ). The same process was applied to the other parent factors of the respective categories. The following steps describe the ways by which the various weighting vectors of each criterion are derived.
Pair-Wise Comparison of the Selected Material Alternatives against Each Sub-Factor
The final step of the exercise was for the respondents to compare each pair of low-cost green material alternatives with respect to each sub-factor. Here the user evaluates the criteria/factors and material alternatives by comparing them through direct rating, to know which factor is more important; how many times; and which material alternative is better in the context of each factor. The corresponding weightings were based on the importance that the evaluators attached to the dominance of each material alternative relative to all other alternatives under each sub-criterion. These matrices were also normalized and checked for consistency as shown in Figures 25-38 . Figures 25-38 present some results of the analyses, which explain the pair-wise matrix priority weightings and normalisation of the various materials with respect to each sub-criterion.
Determining the Weightings of Sub-Factors
The next phase, after analysing the pair-wise matrices of the sub-factors against the various low-cost green floor material alternatives was to normalize the priority weights for each pair-wise comparison judgment matrices. Once the normalised matrices of the floor material alternatives and various sub-factors were obtained, the values derived from the analysis were multiplied and summed to obtain the final composite priority weights of all material alternatives, focusing particularly on the three floor materials used in the fourth level of the AHP model of decision-making shown in Figure 6 .
In this case, the final weighting scores (obtained from multiplying the priorities vectors of the parent criteria with that of individual sub-factors), is further multiplied by the priority vector of each material alternative after the pair-wise comparison against each sub-factor (as shown in Figure 38 ). This resulted in a final composite priority/weighting score of each sub-factor for the three floor material alternatives. Score  GS1  GS2  GS3  GS4  GS6  GS8  GS9  GS10  GS11  GS12 GS1-Location (Mph) 
A Multi-Criteria Decision Support System for the Selection of Low-Cost Green Building Materials and Components
Open Access JBCPR   113   Score T1 T2 T3 T4 T5 T6  T7 T8  T9 T10 T11 T12 T13 T14 T15 T16 T17 T17 T1-Recyclable 0.09 1.00 2.00 2.00 3.00 0.50 2.00 2.00 0.50 0.50 2.00 3.00 2.00 2.00 2.00 3.00 0.50 0.33 0.50 T2-Ease to remove 0.10 0.50 1.00 0.33 0.33 0.33 3.00 2.00 3.00 0.50 2.00 3.00 2.00 2.00 3.00 2.00 3.00 2.00 2.00 T3-Maintenance level 0.06 0.50 3.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T4-Expansion Tolerance 0.06 0.33 3.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
T5-Conforms to skills 0.06 2.00 3.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T6-Ease of fixing 0.05 0.50 0.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T7-Fire resistance 0.04 0.50 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.11 1.00 0.14 1.00 1.00 1.00
T8-Thermal resistance 0.05 2.00 0.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.14 1.00 1.00 T9-Moisture resistance 0.06 2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T10-Scratch resistance 0.05 0.50 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T11-Weather resistance 0.05 0.33 0.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T12-Chemical resistance 0.05 0.50 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
T13-Resistance to decay 0.07 0.50 0.50 1.00 1.00 1.00 1.00 9.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
T14-Weight of material 0.05 0.50 0.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T15-Life expectancy 0.07 0.33 0.50 1.00 1.00 1.00 1.00 7.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.25 1.00 1.00
T16-Biodegradable 0.08 2.00 0.33 1.00 1.00 1.00 1.00 1.00 7.00 1.00 1.00 1.00 1.00 1.00 1.00 4.00 1.00 1.00 1.00 T17-UV Resistance 0.06 3.00 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 T18-Compatibility 0.05 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 Using the priorities determined through these matrices, the weighted overall priority of each candidate material was determined. The amalgamation method yielded a single green utility index of alternative worth, which allowed the material options to be ranked according to their overall priorities. The material with the highest score then becomes the selected candidate material as shown in Figure 38 . Looking at Figure 38 , it is clear from the results of the analysis that Material option (A) turns out to be the most preferred material among the three material options identified in Table 4 , with an overall priority or index score of 0.086. It is based on the concept of the higher the green utility index value, the better the option. The green utility index as calculated for each of the three material alternatives was M(C) = 0.086, M(A) = 0.072 and M(B) = 0.062 for material options C, A and B respectively, making Option C (fly-ash cement concrete floor slab) emerge as the best option amongst the other alternatives as shown in Figure 38 .
The above example has illustrated the application of the MSDSS in a material selection problem for a proposed 5-bedroom low-cost residential green building project in the London Borough of Sutton. From the illustrated example it can be deduced that the MSDSS model is able to provide rankings in low-cost green building material assessment combining site, economic, technical, social-cultural, sensorial and environmental criteria into a composite index system based on the AHP technique. This model is therefore, based on the presumption that decision makers, given full knowledge of all possible consequences of all possible alternatives and factors, will select the material with the highest-ranking score. 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 15.5 Recycled timber clad Aluminium framed window unit 0.14 0.13 0.20 0.13 0.17 1.00 2.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 1.00 
Potential Benefits of the MSDSS Model
The following are the benefits expected from the application of the MSDSS Model. However the model developed for this research differs from that of the previous works in the following ways:
• The main point of difference from the off-the-shelf assessment tools is that they only trade-off numerical values based on the single-attributes. These singleattribute claims ignore the possibility of what other variables can yield. MSDSS supports trade-off with and without tangible variables, such as a client's preference, environmental statutory compliance, and cultural restriction on usury. This feature is important as decision making in reality engages with solid, verbal and subjective elements.
• In terms of cost, it provides an opportunity for designers to be able to advise their clients as to what the probable financial estimate of the project may be. This helps clients to decide how much they are prepared to spend on different variables of construction.
• A separate set of contextual considerations was included as a heuristics base to facilitate site-specific feasibility and appropriateness testing of each material choice. Boundaries of sustainability inform of knowledge base rules as contained in the MSDSS model could help reduce bias that is often associated with the material selection process.
• Available material assessment tools are particularity ill-adapted for the early stages of the design process and are generally labour intensive. The MSDSS model consists of a resource for relatively small information input to produce quick and fairly accurate or approximate output of results with little or no training on the part of experienced users. This means that users that may require little training are inexperienced users but not as extensive as obtainable in previous tools.
• There are still significant numbers of smaller firms who cannot afford most material assessment tools because they are extremely expensive. This tool is more or less open source software recommended to provide solution to this challenge.
• Context is a critical consideration for all project decision-making, since even projects located on neighbouring sites will have different end users, and different specific site characteristics. This tool could be applied to other regions with minimal or no changes, and therefore has the ability to adapt to any situation, or change in design according to users' needs or different material alternatives.
• Unlike in the previous models, this tool contains tutorials and help menu as well as video guidance on how to use the software. This provides adequate help to beginners or inexperienced designers.
• For the visual aspect, the MSDSS model has the ability to produce a picture representative of data input rather than abstract. It is able to transfer data from it to other software, applicable to building material selection, and present the properties of each material in a successive window.
• User weightings have been included in the selection methodology to supplement, and not supplant human judgment in the decision-making process. By incorporating user weightings into the selection process, the methodology gains greater acceptability to the user who supplies the weightings.
• Materials change in their innovation, composition, price and availability and most tools find it challenging to update information relating to products. In this MSDSS model, the materials and the corresponding performance of the selected products is updated through a link to the manufacturers web page on the internet, and the users may access more information regarding the selected material or technology through internet from the supplier's web pages.
• The system has been designed to produce an artistic output, accurate, detailed representation and close to reality as much as it can be, without attempt to conceal any feature whether attractive or not; • Provision of only a limited set of operations or criteria restricts the techniques and solutions that can be applied and consequently restricts the decision-making process. On the other hand, the inclusion of many objectives and the permitting of user specification of input data, system parameters and models, generally increases system flexibility and increases decision support freedom; • In most tools, AHP technique at the pare-wise comparison stage, tend to be quite cumbersome and often takes a lot of time to maintain the consistency of the response. To eliminate this challenge MSDSS automatically debugs the system at every stage of the evaluation and selection process.
• The system has been thoroughly debugged to be less error prone, so that practitioners can integrate the decisions made by the tools more smoothly into practice, and that it takes less than few seconds to respond to users inputs; • Responses/feedback from system programmers and accredited green building experts have also been included in the study to prove the ease of use, applicability and usability of the MSDSS model (see appendix A). As a result, some features have been adjusted based on expert feedbacks to support more reliable and expedient, timelier feedback to different design alternatives or changes.
Reflective Summary
This paper discussed the process of developing a decision-support system to support choices in low-cost green building materials. The research presented in this paper acknowledged the lack of a reliable database model that decision makers can readily use to aid informed decision-making when selecting low-cost green materials for low-cost green residential housing development. The findings from the reviewed literature and the results of the surveyed questionnaire further underscored the need for improving understanding of relevant data associated with the use of such building materials and components, with the goal to change and positively influence the current mental models, attitudes and priorities of multiple stakeholders involved in the production of the built environment, so as to encourage their wider-scale use in mainstream housing.
Based on the data obtained from selected expert builder/developer companies, a prototype MSDSS model was developed to aid designers in making informed decisions regarding their choice of materials for low-cost green residential housing projects. This model was consolidated in to an excel-based decision tool that allows designers to select low-cost green building products from a range of possibilities, and view the resulting impacts and difference in the cost, durability and performance of a range of alternatives. An analysis using the Analytical Hierarchy Process (AHP), based on the results of the participants was performed to show how optimal choices could change with changing user weightings and variables. The participants gained views from participating in the evaluation exercise for a real-life project, including the difficulties in choosing preference scores.
This study thus, indicates that perhaps the development of a DSS model associated with the impacts of lowcost green building materials is useful in that it gives designers a new approach of going through the process of value elicitation, which allows them to explicitly and transparently test the impacts of their elicited values. Providing a visual representation, allowing designers or specifiers to compare multiple alternatives across multiple criteria, was a particularly useful aspect of this study.
Conclusions
This report has demonstrated how a DSS model can be used to support multi-stakeholder involvement in the selection of low-cost green construction materials in ways that enable building energy performance and lifecycle cost to be considered at the early stage of residential housing design. The study further reinforced the significance in taking a multi-attribute approach to assessing a building product's sustainable performance. To achieve this goal, the AHP model of decision-making [57] [58] [59] [60] was adopted to deal with the ambiguities involved in the assessment of material alternatives and relative importance weightings of multiple factors, given its ability to solve multi-criteria decision-making (MCDM) between finite alternatives.
To prove the validity of the model and the feasibility of the proposed selection methodology, a real-life but hypothetical application scenario was used to further illustrate the application of the MSDSS model in selecting the most appropriate floor material for a single 5-bedroom residential housing project located in the Sutton County of London. The results demonstrated the capabilities of the system, and exposed the way in which the system transparently demonstrates the implications of each step of the analysis. It also proved the practicality of using the MSDSS model, as it combines multiple factors into a single performance value that is easily interpreted.
Since the purpose of this research study was to develop an innovative concept to demonstrate a step-bystep methodology for selecting low-cost green materials with reasonable accuracy and in real time, as opposed to developing a fully-equipped commercial software, macro-in-excel database management technique was used in the back-end of the system to integrate the large volumes of data obtained from multiple sources. Excel was adopted as the database management system since it has the capabilities to perform all necessary calculations and is common enough that most people are familiar with it.
The process followed to develop the prototype MSDSS model in this research demonstrates that, depending on the domain and scope of the problem at hand, a DSS can be built fairly quickly and can be used effectively to help designers quantify how they compare materials that are yet to be certified under the standard specifications and codes of practice, and that which are already permitted under existing codes.
However further work is required to fully validate the MSDSS and the methodology presented. To do so, this research intends to run further case studies ideally using "live" building design projects, by comparing the outputs from the algorithms of the MSDSS system to monitored data from the completed case study building, in order to review the potential savings of the new materials or components proposed by the MSDSS model.
Contributions to Research and Industry
Insights identified from addressing the research objectives in Section 3 represent part of the original contribution to knowledge made by this study. The following are itemised as key contributions of the study to research and practice:
• The contribution of this research includes the consideration of a holistic approach to low-cost green building product selection based on socio-cultural, technical, emotive, site, cost and environmental performance. Pre-design estimators and pre-construction managers could improve their estimating and product selection practices using the proposed MSDSS tool.
• Material suppliers can also benefit from this approach, as they can use it to enhance their pricing strategies, marketing plans, and overall product competitiveness.
• Decision problems about a product's choice are usually unstructured and ill-defined. By suggesting an alternative means of integrating the available resources associated with the informed selection of low-cost green building materials, it is hoped that the model will help decision makers to further refine their material selection criteria thus, encourage effective decision-making.
• The material selection process is characterized by competitive objectives, involving multiple stakeholders and key actors, dynamic and uncertain procedures and limited timeframes to make significant decisions. The decision makers within this domain: the designers, specifiers and other stakeholders are often confronted with conflicting subjective preferences and fragmented expertise; hence resulting in decision-making failures. The capacity of the system to compare materials using multiple factors with user-specified weightings, will therefore, encourage decision-makers to explicitly consider the effects of their previously-implicit judgments on the outcome of the project, and thus make choices that are timely, and result in more sustainable residential housing project design and implementation.
• The ability to quickly quantify and qualify the suitability outcomes of alternative materials may encourage greater industry acceptance of innovative technology for materials that are yet to be certified under the standard specifications and codes of practice.
• The overall approach used here could be tested in other contexts to determine its generalizability and applicability. In other words, the system could be extended to select materials for commercial development or for any other purpose.
• The material selection factors identified in the prototype model of the MSDSS, provides a unique insight into sustainability and environmental design information requirements for low-cost green housing.
• The adopted research methodology (see Table 1) employed to address the research objectives in Section 3 represents part of the original contribution to knowledge made by this study.
• The number of academic publications on the impacts of low-cost green materials was found to be low; hence makes a crucial contribution.
• In the short term, the model could be used in the housing sector as a catalogue of materials to support decision-making in low-cost green housing designs.
• As low-cost green building materials and components become well understood by design and building professionals, there is a likelihood of reducing over-dependency on conventional construction materials in the housing industry.
• The outcome of this study could aid top executives within the housing sector to consider low-cost green materials as part of existing regulatory frameworks and building codes of the Construction Standards Institute (CSI) in capital projects. By doing so, such an approach may create a potential market for local manufacturing and processing of such materials.
Setbacks, Challenges and Probable Solutions
There were few possible limitations that this research faced during the cause of the study. The limitations are hereby listed for future consideration.
• The process of developing the selection methodology was faced with critical issues that led to several changes in the research methodology and its objectives so many times, in order to achieve the aim of this research.
• Citing prior research studies formed the basis of the literature review and helped lay the foundation for understanding the research problem investigated in this study. However, there were reservations regarding the currency and scope of the research topic, as there was no compelling evidence of prior research on the topic. As literature on DSS for low-cost green housing design is still relatively low, the study therefore had to rely on the most current reports, interviews, and observations from the different and various organisations, and building professionals for its information.
• It remains true that sample sizes that are too small cannot adequately support claims of having achieved valid conclusions and sample sizes that are too large do not permit the deep, naturalistic, and inductive analysis that defines qualitative inquiry [47] . Yin [47] noted that determining adequate sample size in qualitative research is ultimately a matter of judgment and experience in evaluating the quality. Hair et al. [61] warned that it is important to consider not only the statistical significance, but also the quality and practical significance of the results for managerial applications, when analysing data. They noted that unequal or uneven sample sizes amongst different professional groups could also bias or influence the results as getting equal sample sizes from different groups of respondents was unrealistic and demanding. To address this issue the study adopted a sampling strategy using the stratified random sampling approach where each group of the sample population had reasonable number of randomly selected participants, which helped to achieve sampling equivalence between the researcher and professionals of the various building professions both in higher institutions and practicing building design and housing construction firms.
• Giving that most respondents were practicing professionals, getting a list of the sample population for the study was very discouraging. Having access to people, and organizations, was otherwise limited, giving the time differences and tight-scheduled activities. However the use of progressive approach of reminding the subjects using any available means either through e-mails, LinkedIn, Facebook, Twitter or through phone calls helped to address this problem.
• Very few of the participants had little exposure to AHP quantitative-based decision-making process. Though they found the process a bit daunting, they were somewhat comfortable with the idea of ranking preferences, as they were used to considering the choice for alternatives based on unquantified methods, but without assigning personal values to criteria. Prior help manual sent to participants before embarking on expert evaluation survey helped to reduce the complexities associated with the MCDM technique adopted.
Potential Areas for Further Studies
Several areas were identified as potential areas for further research as itemised below:
• Although not demonstrated in this system but it is also possible that potential researchers can redesign or customize the database to best fit the needs of any particular region or could be extended to select materials for commercial development; • While the findings of this research focused specifically on a subset of design and building professionals involved with public residential housing sector projects, the overall approach used here could be tested in other contexts to determine its generalizability and applicability.
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